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Film thickness, free carrier concentration and free carrier mobility are critical
figures of merit for silicon carbide epitaxial growth. Room temperature Fourier
Transform Infrared (FTIR) reflection spectroscopy can estimate these parameters
non-destructively and is capable of high-resolution wafer mapping. Commercially
available equipment has greatly simplified the application of this technique by
coupling a high performance automated spectrometer with model-based data analysis
and interpretation based on the personal computer. While powerful numerical
techniques run fast and efficient on modern computers, it is essential that low-order,
well-conditioned models are needed. The observed reflectance spectrum is the result
of reflection and refraction of light at different interfaces due to constructive and
destructive

interference.

The

estimation

of

film

thickness

and

free

carrier

concentration for single epitaxial layers has been improved by studying the
Longitudinal Optical Phonon Plasmon (LPP) coupled modes. However, the addition

of multiple layers introduces many degrees of freedom, which complicates parameter
extraction. The multiple epitaxial layer stacks studied were intended for Metal
Semiconductor Field Effect Transistor (MESFET’s) on both conducting and semiinsulating substrates. The thickness estimation of the n-channel in the MESFET stack
on semi-insulating substrate is improved by preconditioning the curve fit for plasma
frequency obtained from doping estimation from capacitance voltage profiling or by
observing an LPP- peak.
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CHAPTER I
INTRODUCTION

1.1 Thesis Scope
All thin films encode a wealth of information about their thickness,
composition and physical structure in the infrared spectrum. These effects arise from
the unique sensitivity of the infrared spectral range to free carriers, molecular
vibrations and thin film interference effects. Fourier Transform Infrared (FTIR)
reflection

spectroscopy

is

a

non-destructive

and

non-contact

characterization

technique that uses the above effects to extract valuable information from epitaxial
films. The observed reflectance is the result of reflection and refraction of light at
different interfaces due to constructive and destructive interference. It is relatively
easy to extract the free carrier concentration information from a single epitaxial layer
(above 2 x 1018 cm-3 ) on conducting substrate due to the appreciable difference in the
index of the refraction between the epitaxial layer and the substrate. In this work,
successful attempts have been made to improve the free carrier concentration
estimation between (5 x 1017 cm-3 - 2 x 1018 cm-3 ) for single epitaxial layers by
studying the longitudinal optical phonon plasmon (LPP) coupled modes. This work
mainly focuses on extracting free carrier concentration information from single
epitaxial layers and improved thickness estimation of n-channel in multiple epitaxial

1
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layer stacks on conducting and semi-insulating substrates. However, when multiple
epitaxial layers are present the reflectance becomes complicated due to reflections
from

various

interfaces.

Multiple

layers

of

homoepitaxy

of

varying

doping

concentration and type are common in device applications. The model-based analysis
of reflectance spectra taken from these materials is complicated by two factors. First,
the contrast between different layers is very small, due to the close similarity of the
dielectric functions expected between epitaxial films of the same semiconductor.
Second, the addition of multiple layers introduces many degrees of freedom, which
complicates parameter extraction. Typically, for the work reported here, the multiple
epitaxial layer stacks studied were intended for Metal Semiconductor Field Effect
Transistor (MESFET’s) on both conducting and semi-insulating substrates. The
thickness estimation of the n-channel in the MESFET stack on semi-insulating
substrate is improved by fixing the plasma frequency to the value obtained from
another method, such as observing an LPP- peak (if available) or through capacitance
voltage (CV) profiling. However, estimation of the free carrier concentration of an nchannel is possible with a new detector with longer wavelength capability for
estimating LPP-.

1.2 Why SiC
Silicon carbide (SiC) has a wide band gap, high breakdown electric field,
high-saturated electron drift velocity and high thermal conductivity. All these
characteristics combine to make it a candidate of choice for high-temperature, highpower, high frequency and low loss device applications. SiC is needed to replace the

3

existing semiconductor technologies of Silicon (Si) and Gallium Arsenide (GaAs),
which cannot tolerate high temperatures and chemically hostile environments [1].
Silicon carbide is the only wide band gap semiconductor that possesses a high-quality
native oxide suitable for use as a Metal Oxide Semiconductor (MOS) insulator in
electronic devices. Thermal oxidation of SiC produces a layer of SiO 2 on the surface,
while the carbon atoms from the SiC form carbon monoxide, which escapes as a gas.
Thus, it is possible to make all the devices found in silicon IC technology in SiC,
including high quality, stable MOS transistors and MOS integrated circuits.

1.3 Polytypes
Silicon carbide has a tetrahedron structure. The fundamental structural unit is
shown in Figure1.1. The distances between Si-Si and C-Si are 3.08 Å and 1.89 Å
respectively.

Si atom
C atom

Figure 1.1 SiC tetrahedron structure

Silicon carbide is very rich in polytypism; more than 200 polytypes have been
determined [1]. Polytypism is the phenomenon of the same chemical composition
taking different crystal structures in one-dimension that occurs in certain closepacked structures. Common polytype notation uses the letters C, H and R to represent
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cubic, hexagonal and rhombohedral structures, respectively, and numerals to
represent the number of closest-packed layers in the repeating sequence. The most
technologically important polytypes are 3C, 4H and 6H. More that 100 other
polytypes of SiC have been identified. All other polytypes are combinations of these
basic sequences. The only cubic polytype (3C) is also referred to as β-SiC. The
stacking sequence is shown for the three most common polytypes, 3C, 6H and 4H in
Fig. 1.2. If the first double layer is called the A position, the next layer that can be
placed according to a closed packed structure will be placed on the B position or the
C position. The different polytypes will be constructed by permutations of these three
positions. For example the 2H-SiC polytype has a stacking sequence ABAB… The
number thus denotes the periodicity and the letter denotes the structure. The 3C-SiC
polytype is the only cubic polytype and it has a stacking sequence ABCABC…

Figure 1.2 Most Common Polytypes
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1.4 Properties of SiC
The polytypes differ only in the stacking of double layers of Si and C atoms,
each of which is called a “bilayer” however; this affects all electronic and optical
properties of the crystal. The polytypes 6H-SiC and 4H-SiC have band gaps at liquid
helium temperatures of 3.0 eV and 3.3 eV, respectively. All polytypes are extremely
hard, very inert and have a high thermal conductivity. Properties such as the
breakdown electric field strength, the saturated drift velocity and the impurity
ionization energies are all specific for the different polytypes. In the case of 6H-SiC,
the breakdown electric field strength is an order of magnitude higher than Si and the
saturated drift velocity of the electrons is even higher than that of GaAs.

Table 1.1
SiC Properties Compared to Si, GaAs and GaN [2]

Crystal Form
Band Structure
Bandgap [eV]
Electron Mobility
[cm2 /V s]
Hole Mobility
[cm2 /V s]
Breakdown Field
[MV/cm]
Thermal
Conductivity
[W/cm K]
Electron
Saturation Velocity
[107 cm/s]
Dielectric Constant

SiC
3C

Si
4H

GaAs
dia.

GaN
W

2.2
1000

6H
Indirect
3.0
450

3.3
900

1.11
1500

ZB
Direct
1.43
8500

50

50

100

600

400

30

2

3

3

0.3

0.4

3

4.9

4.9

4.9

1.5

0.5

1.3

2.7

2

2.7

1

2*

2.5

9.7

9.7

9.7

11.8

13.2

9.5

3.5
900

6

dia.= diamond structure
ZB = zincblende structure
W = wurtzite structure
* maximum electron velocity
From the table 1.1, it can be seen that because the bandgap of SiC is so much
wider than that of silicon, thermal generation of electron-hole pairs is many orders of
magnitude lower at any given temperature, which makes it possible to build dynamic
memories (DRAMs) in SiC that only need to be refreshed about once every 100 years
at room temperature. The breakdown field in SiC is about 10 times higher than in
silicon, which is important for high-voltage power switching transistors and high
thermal conductivity ensures good heat dissipation.

1.5 Literature Review
This section explains the work previously done on Fourier Transform Infrared
Spectroscopy (FTIS), and also the work done in characterizing the SiC wafers using
the related Raman Scattering (RS) technique. The critical parameters extracted by
non-destructive and non-contact characterization technique are thickness of the
epitaxial films, FCC, mobility and effective mass of electrons. The estimation of the
thickness of epitaxial films and free carrier concentration begins the review.

1.5.1 Thickness extracted from FTIS
The epitaxial film thickness is a critical parameter that must be accurately
measured. The epitaxial film of silicon on silicon substrates is studied using Emission
and Reflection FTIS (EFTIS and RFTIS) [3]. The theoretical analysis for spatial
Fourier transformation using the Michelson interferometer is introduced. The transfer
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functions for linear models were derived and are used to calculate the experimentally
measured interferograms. A typical film thickness measurement procedure for both
emission and reflection technique are, first a reference interferogram is taken on bare
substrate, and the center burst is kept for late subtraction, second, the sample with
thin film is measured and the reference interferogram is subtracted form the substrate
interferogram to suppress the center burst. Then, by measuring the distance between
two side bursts, the film thickness is calculated, but as the thickness of the film
increases, the side bursts will start to overlap with the center burst, making peak
picking difficult. Therefore, this technique has limitations for not being able to
measure thick epitaxial films.
The refractive index measurements of silicon samples using FTIS are studied
[4]. They observed a strong dependence of refractive index as a function of substrate
doping concentration. Moreover, the refractive index of heavily doped silicon
substrates varies significantly with wavelength. The film thickness measurement
relies on the change in refractive index in the infrared region. The maximum
refractive index change occurs around the plasma absorption edge in the heavily
doped substrate. However, the refractive index distorts the interferogram by
introducing noise and introducing error in film thickness measurements if the
assumed refractive index is different from the actual refractive index, which is one of
the limitations in extracting the thickness.
Both of these works focused on measuring the thickness of silicon films on
silicon substrates. However, they were limited by not being able to measure thicker
epi films and needed better models for refractive index measurements.
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1.5.2 Infrared reflectivity on Gallium Nitride (GaN)
Infrared reflectivity measurements have been performed on GaN grown on
sapphire substrates [5]. From the normal incidence reflectivity measurements the
lattice dispersion and free electron dispersion are measured. The anisotropic behavior
of GaN is studied by observing the reflectivity obtained from both S and P
polarization of light. The reflection spectra were analyzed by Kramers-Kronig
integral transforms. The low frequency minimum was measured and plotted that had
clear correlation with the carrier concentration. But one problem was that the surface
roughness was a critical factor in the reflectivity measurements.
The LPP modes have been observed in bulk GaN using infrared spectroscopy
and Raman scattering [6]. For high carrier concentration samples, they found that the
high energy Raman mode follows closely the plasma frequency resolved from
infrared data and the low frequency modes appears to be down shifted 11 cm-1 , with
respect to the accepted Transverse Optical (TO) phonon frequency (531 cm-1 ). In this
work, they presented the low frequency and the high-energy branches that were
observed in GaN with a good signal to noise ratio, up to a very high 8 x 1019 cm-3
electron concentration. They concluded that provided with good quality samples, the
LPP modes are very sensitive to the FCC.
Infrared reflectivity and Hall measurements were performed on highly
conducting n-type GaN and the effective mass of electrons perpendicular to c-axis is
determined [7]. The plasma frequency and the free carrier concentration are derived
from infrared and Hall measurements respectively, and the effective mass is
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calculated. However, the samples studied for this work are highly conducting GaN
wafers.
All of the above-mentioned works concentrated on studying the bulk GaN
properties. The LPP modes and effective mass calculated are for high carrier
concentration samples.

1.5.3 Raman Scattering on GaN
Raman spectra of n-type GaN with different carrier concentrations were
measured [8]. The LO phonon shift towards high frequency was observed. From the
line shape fitting analysis the damping constants and the carrier concentrations are
determined. However, the low frequency branch of LPP modes was not observed.

1.5.4 Infrared Ellipsometery on GaN
Infrared spectroscopic ellipsometry (IRSE) experiments were performed on
GaN; FCC and phonon properties were studied [9]. The influence of carrier
concentration on the LPP- mode from RS or ir reflectivity usually permits the
determination of the FCC if the effective mass and high frequency dielectric constants
are known. The LPP± modes and the anisotropic behavior of GaN are studied from
the analysis of the dielectric function (ε real and ε imag).

1.5.5 Raman Scattering on SiC
A semi classical derivation is given of the efficiency of scattering of light
from LO phonons coupled to a single component plasma in semiconductor [10]. This
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paper was first to give a derivation for the line shape analysis obtained from Raman
scattering experiments in SiC. However, the samples studied were highly conducting
6H-SiC crystals. Many modifications have been made to the equations later.
Other related work using the RS technique to study the LPP for both 4H and
6H-SiC wafers are described in ref [11]. The anisotropic behavior and the FCC
ranging from 1016 to 1018 cm-3 of the wafers are studied. From the line shape analysis
of the spectra and the model-based curve fitting the plasmon frequency, plasmon
damping and phonon damping are extracted. These quantities extracted were largely
different for axial and planar modes; that indicate the large crystal anisotropy.
RS technique is used to study the doped SiC wafers [12]. The n-type
(nitrogen) doped with FCC ranging from 2.1 x 1018 to 1.2 x 1019 cm-3 and semiinsulating wafers are used. They observed significant coupling of LO phonon mode to
the plasmon modes. The position of the peak was directly correlated with the FCC
and hence it is used as a probe to extract the FCC over the whole wafer.
The above works concentrated on extracting the properties of 4H and 6H-SiC
wafers.

1.5.6 Infrared Reflectivity of SiC
The FTIR technique has been applied to characterize the 4H-SiC and 6H-SiC
wafers [13]. FCC and mobility were extracted independently analyzing the dielectric
function and taking into account phonons and plasmons. However, the samples
studied had FCC ranging from 9.7 x 1017 to 7.2 x 1019 cm-3 . Moreover, the reflectance
measurements are measured at normal incidence angle and hence the anisotropic
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behavior of SiC is not observed. However, the values extracted for the ωLO and ωT O
are in good agreement with those extracted from RS technique [12].
None of the above discussed works focused on extracting the free carrier
concentration (< 1 x 1018 cm-3 ) using FTIR technique in SiC from single epitaxial
layers. This thesis mainly focuses on improving the FCC extraction below 2 x 1018
cm-3 . To achieve this the LPP modes are investigated and they are used as a probe to
extract the FCC.

1.6 Thesis Organization
Finally, this thesis is organized as follows. Chapter II explains the theory of
reflection from single interface and multiple interfaces. It also discusses the Fourier
transform techniques. Chapter III contains the various characterization techniques
used in this work. Chapter IV contains the measurements of various structures on
both conducting and semi-insulating substrates. It also contains analysis and
discussion of results. Finally, Chapter V contains the conclusions and future work.

Chapter II
THEORY

2.1 Different Optical techniques
Optical measurements are non-contact and non-destructive techniques. They
fall into three broad categories. A photometric measurement is where the amplitude
of reflected or transmitted light is measured, an interference measurement is where
the phase of reflected or transmitted light is measured, and a polarization
measurement is where the ellipticity of the reflected light is measured.

Emission
Photoluminescence (PL)
Raman Spectroscopy
UV Photoelectron
Spectroscopy

Reflection
Optical microscopy
Ellipsometery
Reflection Spectroscopy

hf

Absorption
Photo Conductance (PC)
Photoelectron Spectroscopy

Transmission
Absorption Coefficient
Infrared Spectroscopy

Figure 2.1 Different Optical Characterization Techniques
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2.2 Reflection Theory
Reflection is the reversal in direction of a particle stream or wave upon
encountering a boundary. The law of reflection states that the angle of incidence ? i
and angle of reflection ? r are equal with each angle being measured from the normal
to the boundary. It is possible for only partial reflection to occur at a boundary, with
part of the wave or particle stream being transmitted through the boundary.

Figure 2.2 Angle of incidence and reflection at the boundary

2.3 Single Interface
Reflectivity (R) and Transmittance (T) are macroscopic optical properties
connected to the underlying optical constants n and k (refractive index and extinction
coefficient, respectively) of a semiconductor. The geometry of the semiconductor
sample as well as the angle of incidence and the polarization of light can have
complex influences on R. A bulk semiconductor (or substrate) whose thickness
substantially exceeds the depth of light penetration (so that the light disappears in the
bulk and no reflected beam returns from the back) can be treated as semi-infinite. In
the case of normal incidence, the reflectivity equation for the air/substrate structure is
simply given by equation 2.1[13].
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R=

( n − 1) 2 + k 2
( n + 1) 2 + k 2

(2.1)

In an isotropic material the optical constants (n, k) do not depend on sample
geometry. In heavily doped SiC, free carriers play a major role in the response to light
in the infrared regime (600 - 6000 cm-1 ) and manifest themselves in the form of a
plasma edge in the reflectivity spectrum i.e., a drop off in reflectance (with increasing
frequency) followed by a minimum Rmin . The free-carrier concentration determines
the plasma-edge frequency (the frequency corresponding, roughly, to the reflectivity
drop off preceding Rmin ) via the optical constants n and k. From this simple R
equation, the determination of free-carrier concentration can be made directly from
plasma-edge measurements carried out on bulk samples. For an epitaxial film grown
on a substrate the air/film/substrate interface is shown in figure 2.3.

raf

hυ

rfs

?i

Air

θf

d

θs

d

Film

D

Substrate

Figure 2.3 Multiple reflections from two interfaces

Where:
hυ

=

Incident light
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raf

=

Reflection from air/film interface

r fs

=

Reflection from film/substrate interface

=

Angle of incidence
Refraction of light at air/film interface
Refraction of light at film/substrate interface
Phase shift
Thickness of the epitaxial film
Thickness of the substrate

θi
θf
θs
d
d
D

=

=
=
=
=

Depending on the angle of incidence, which is 47ο for the instrument used
here, the reflectance characteristics are fixed. The reflected light is both p and s
polarized. The equations for both s and p polarization are shown below [14].

n~a cos(θ i ) − n~f cos(θ f )
rafs = ~
na cos(θ i ) + n~f cos(θ f )

(2.2)

~
n f cos(θ f ) − n~s cos(θ s )
r fss = ~
n f cos(θ f ) + ~
ns cos(θ s )

(2.3)

n~f cos(θ i ) − ~
na cos(θ f )
rafp = ~
n f cos(θ i ) + ~
na cos(θ f )

(2.4)

~
ns cos(θ f ) − ~
n f cos(θ s )
r fsp = ~
ns cos(θ f ) + n~f cos(θ s )

(2.5)

Note: The superscript denotes the type of polarization and the subscript denotes the
interface.
Where:

rafs

=

Reflection of s-polarized light from air/film interface

s
fs

=

Reflection of s-polarized light from film/sub interface

r
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rafp

=

Reflection of p-polarized light from air/film interface

r fsp
n~a
n~f
n~

=
=
=

Reflection of p-polarized light from film/sub interface
Complex index of refraction of air (i.e., n~a =1)
Complex index of refraction of film (i.e., n~f = n f - i k f )
Complex index of refraction of film (i.e., n~ = n - i k )

s

=

s

s

s

Equation. 2.6 give the amplitude reflection of s and p polarized light

r

s,p

=

rafs , p + r fss , p exp( 2iδ )
1 + rafs, p + r fss, p exp( 2i δ )

,

(2.6)

where the phase shift d is given by
d

=

2π ~
dn f cos(ϑ f )
λ

The reflectance for s and p polarized light is the magnitude of the amplitude
reflectance for s and p polarization respectively. They are given by:

R p = (r ) =
p

2

Rs = ( r ) =
s 2

( rafp ) 2 + ( r fsp ) 2 + 2( rafp )( r fsp ) cos( 2iδ )
1 + ( rafp ) 2 + ( r fsp ) 2 + 2( rafp )( r fsp ) cos( 2iδ )

( rafs ) 2 + ( r fss ) 2 + 2( rafs )( rfss ) cos( 2iδ )
1 + ( rafs ) 2 + ( rfss ) 2 + 2( rafs )( r fss ) cos( 2i δ )

(2.7)

(2.8)

The intensities of incident radiation with S and P Polarization in this work are
Is = 0.44 and Ip = 0.56, respectively. Equation 2.9 gives the final reflectance equation.
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R=

(1 + P)
(1 + P)
Rp +
Rs
2
2

(2.9)

Where:
Rp and Rs are substituted from equation. 2.7 and 2.8
respectively

The plasma edge frequency thus obtained from a two-interface model is
greatly affected by multiple reflections of light within the film and the substrate, and
thus nonlinearly depends on the optical constants and the thicknesses of the film and
the substrate. To optically obtain the free-carrier properties in the multilayer structure,
it is necessary to obtain the experimental reflectivity R in the spectral region in which
the effect of free carriers can be observed and quantitatively analyzed. Numerical
analysis tools such as nonlinear least squares fit methods and direct numerical
solution techniques are used to solve the nonlinear equation R.
To understand the effect of the film thickness on reflectivity the R spectra for
the air/film/substrate structure can be calculated using equations (2.2), (2.3), and
(2.8)—(2.9), with different values for the film thickness d. For example, the optical
constants (nf, k f) and (ns, k s) were chosen to represent the properties of a heavily
doped n-type SiC film grown on 0.40 mm thick undoped 6H-SiC or 4H-SiC substrate.
Figure 2.4 and Figure 2.5 demonstrate the influence of film thickness on the resulting
reflectivity. The apparent plasma edge (or reflectivity minimum) is shifted to higher
frequency as it goes from the bulk to the thin film, as the thickness d is decreased
from 8 in the bulk to 0.8 µm in the thin film. In addition, the small film thickness
broadens the reflectivity minimum, and the film interference fringes become more
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closely spaced and pronounced as the film thickness is increased, and are easily
recognized for ω > 1000 cm-1 .

Figure 2.4 Reflectance spectra (a) thick line- 4HN and (b) thin line- 0.8µm
thick single epi on 4HN

Figure 2.5 Reflectance spectra (a) thick line- 4HN and (b) thin line- 2.8µm
thick single epi on 4HN

19

An experimental reflectivity spectrum for a single heavily doped n-type SiC
sample is compared with a 4H-SiC bare substrate with about the same doping level in
figure 2.6. The doping is about 1.1 x 1019 cm-3 for substrate and 1.2 x 1019 cm-3 for the
thin epitaxial layer of 1 µm-thick film on a SiC substrate. At fixed doping, the effect
of decreasing the sample thickness is to extrinsically shift Rmin to higher frequency,
and the fringes associated with the film are observable in the R spectrum of the 1 µm
thick n-type SiC film shown in figure 2.6.

Figure 2.6 Reflectance measurements (a) thick line- 4HN–1.2 x 1019 cm-3 doped and
(b) thin line- Single epi of 1 µm thickness and 1.1 x 1019 cm-3 doped on a 4HN
substrate of 5 x 1018 cm-3 doped.

2.4 Dielectric Function
In a spectral region in which the wavelength of the probing light is
considerably larger than atomic dimensions, the spatial variation of the field
(determined by wave vector k) can be neglected. The dielectric function ε(ω), as an
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optical response function for the field via the induced polarization, then only varies
with the probing frequency ε(k,ω) ≈ ε(ω). Lattice vibrations, free carriers, and
valence electrons respond to light in different ways. In the infrared region in which
the photon energy is well below the band gap, the electronic contribution (of valence
electrons) to the dielectric function ε(ω) is essentially a constant ε 8 , the high
frequency

(or optical) dielectric constant. The intrinsic characteristics present in the

spectrum of an infrared optical material can be classified into three fundamental
processes involving interaction between the material and the incident electromagnetic
radiation. These processes are lattice vibrations, interband electronic transitions and
free carriers. The lattice vibrations and free carrier absorption occur in the infrared
while the electronic transitions are observed towards the higher frequency end of the
infrared spectrum typically in the visible UV region [15]. For lattice vibrations, it is
the near zone-center transverse-optical (TO) phonon that can couple with the
electromagnetic field. For free carriers, several optical processes are involved, such as
intraband and intervalenceband transitions.

2.5 Lattice Phonon contributions
The quantum of energy in an elastic wave is called a phonon. The sharp
features in the reflectance spectra are due to the presence of phonons. Transfer of
electromagnetic radiation from the incident beam to the material is in the form of a
couple. In order for the total transfer of energy to be complete, the following three
conditions must be satisfied, the conservation of energy is maintained, the
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conservation of momentum is maintained, and a coupling mechanism between the
material and the incident beam is present.
The coupling mechanism between the incident photon and the lattice phonon
is produced by a change of state in the electric dipole moment of the crystal [16]. A
dipole moment arises when two equal and opposite charges are situated a very short
distance apart and is the product of either of the charges with the distance between
them. Thus energy absorbed from the radiation will be converted into vibrational
motion of the atoms. These dipoles can absorb energy from the incident radiation,
reaching a maximum coupling with the radiation when the frequency is equal to the
vibrational mode of the dipole in the far infrared. The different vibration modes are
complex, comprising several different types of vibrations. There are two modes of
vibrations of atoms in crystals: longitudinal and transverse. In the longitudinal mode
the displacement of atoms from their positions of equilibrium coincides with the
propagation direction of the wave, while for transverse modes, atoms move
perpendicular to the propagation of the wave.
When there is only one atom per unit cell, the phonon dispersion curves are
represented by acoustic branches. If there is more than one atom per unit cell both
acoustic and optical branches appear. The difference between acoustic and optical
branches lies in the greater number of vibration modes available. In a diatomic cell
the acoustic branch is formed when both atoms move together in-phase, the optical
branch being formed by out-of-phase vibrations [17]. Generally, for N atoms per unit
cell there will be 3 acoustic branches (1 longitudinal and 2 transverse) and 3N-3
optical branches (N-1 longitudinal and 2N-2 transverse).
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The coupling between the TO phonon and the photon is classically modeled
by a simple harmonic oscillator (whose resonance frequency is ωT O, the TO phonon
frequency) driven by an alternating force of frequency ω (the probing frequency). The
polarization associated with atomic displacements due to the two coupled phonon
photon vibrational modes contributes 4p? to the dielectric function. The phonon
susceptibility 4p?(ω) is expressed in a Lorentzian form.

4πχ (ω ) =
Where:

εo
ε∞
Γ

=
=
=

2
ε o − ε ∞ωTO
2
ωTO
− ω 2 − iωΓ

(2.10)

Static dielectric constant
High frequency dielectric constant
Phonon damping constant

The two coupled phonon-photon transverse waves (the normal modes of the
lattice vibrations in the radiation field) possess the mixed atomic-vibration (phononlike) and electromagnetic (photon-like) character. The dispersion relation of the
coupled modes are determined by

ε (ω ) = ε ∞ + ε ∞

2
2
ω LO
− ω TO
2
ωTO
− ω 2 − i ωΓ

(2.11)

ε(ω) is the lattice dielectric function, the sum of the (constant-in-the-infrared)
valence-electron contribution and the phonon susceptibility. We note that the
2
frequency of the LO phonon, ω LO
, enters into equation 2.11 via the Lyddane-Sachs-

Teller relation [17].

2
ε o ω LO
= 2 . For a small-damping approximation (Γ = 0), the
ε ∞ ω TO
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solution of ε(ω) = 0 is ωLO, corresponding to the normal-mode frequency of a
longitudinal wave, the LO phonon. The lattice dielectric function for SiC is shown in
figure 2.7. ε real and ε imag are the real and the imaginary parts, respectively, derived
from equation 2.11.

ε imag

SiC

ε real

Figure 2.7 ε real and ε imag determined by the phonon-oscillator model with the room
temperature parameters ε 8 , ωLO, ωTO for SiC.
Experimental far-infrared (600-6000 cm-1 ) optical constants of SiC are shown
in figure 2.8, for comparison with the theoretical values. The theoretical refractive
index n was derived from n =

1
2
2
[ (ε real
+ ε imag
) + ε real ]
2

extinction coefficient k was derived from k =

and the theoretical

1
2
2
[ (ε real
+ ε imag
) − ε imag ] , using the
2

values of ε real and ε imag plotted in figure 2.7. The strongest k peak (near 966 cm-1 )
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corresponds to the LO phonon absorption. The simple-harmonic-oscillator model
describes the SiC optical constants in the infrared region.

LO
mode

n
k

Figure 2.8 Calculated n and k using n + ik= ε(ω)1/2

Table 2.1
Phonon parameters of 4H-SiC [8,10]
High frequency dielectric
constant (cm-1 )
TO-phonon frequency (cm-1 )

ε8

6.56

ωT O

798

LO-phonon frequency (cm-1 )

ωLO

966.4

Γ

6.3

-1

Phonon damping constant (cm )

2.6 Plasmons
A plasmon is a collective, longitudinal vibrational mode of free carriers,
whose resonant frequency is referred to as the plasma frequency ωp . A semiconductor
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plasmon cannot couple to an electromagnetic field by the same mechanism as the LO
phonon. But the radiation field and an individual free carrier can interact. In the
presence of a high concentration, the free carriers degenerate, so every free carrier
responds to the field in the same way and make the same contribution to the dielectric
properties of the semiconductor.
In a classical particle picture, the motion of an electron in the conduction band
or a hole in the valence band, under the influence of the infrared electric field Ee-iωt, is
described by the Drude free-carrier model in which the electron/hole displacement is
e
E
m
given by
. The induced polarization due to the free-carrier displacements
ω 2 + iωγ p
−

gives rise to the plasma susceptibility [17].

4πne 2
m∗ε
4πχ p = 2 ∞
ω + iωγ p

(2.12)

Where:
n
m*
γp

=
=
=

Free-carrier concentration
Electron/hole effective mass
Damping constant describing the damped motion of the
electron/hole due to the scattering processes involved.

In a semiconductor in which the high frequency polarization due to ion cores
is represented by ε 8 , equation 2.13 gives the plasma frequency (ωp ) and equation 2.14
the free carrier dielectric function.
4πne 2
ω = ∗
m ε oε ∞
2
p

(2.13)
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ε p (ω ) = ε ∞ − ε ∞

ω 2p
ω 2 + iωγ p

(2.14)

In the case of γp = 0, ε p (ω ) is real and vanishes at the plasma frequency. Then
the mode defined by ε p = 0 is the longitudinal-wave plasmon at frequency ωp . In the
case of a damped plasmon, γp is nonzero and ε p (ω ) is complex. The gamma and
mobility are related as shown in equation 2.15.

γ =

e
µ
m∗

(2.15)

Where:
γ
e
µ
m*

=
=
=
=

Gamma or plasmon damping [cm-1 ]
Electron concentration[cm-3 ]
Mobility of electrons [cm2 /V-s]
Effective mass of electrons [kg]

Figure 2.9 Imag {ε p (ω)}
Equation 2.16 gives the complete dielectric function that includes the
contribution of phonons and plasmons
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ω 2 −ω 2
ω P2
ε (ω ) = ε ∞ 1 + 2 LO 2 TO −

 ωTO − ω − i ωΓ ω (ω + i γ ) 

(2.16)

All absorption mechanisms in the infrared region like molecular absorptions,
free carrier absorptions, optical phonon absorption, i.e., lattice vibrations, can be
represented as harmonic oscillators subject to the driving force of the applied
electromagnetic field representing the infrared light. Therefore, for the analysis of the
reflectance measurements the total dielectric function is used. Depending on the
presence of free carriers, the third term in the equation (2.16) maybe included.

Figure 2.10: Real {ε p (ω)}

2.7 Range of Lorentzians
Range of Lorentzians (ROL) is used to adjust the dielectric function of a
known material in conjunction with a background term. In that case the ω 2A,TOj can be
either positive or negative. Equation. 2.17 gives the range of lorentzians [18].
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N

ε (ω ) = ∑
j =1

ω A2,TOj
2
ω TOj
− ω 2 − i ωγ TOj

2.17

Where:
ω TO ,1

=

Lowest position of the lorentzian (cm-1 )

ω TO , N

=

Highest position of the lorentzian (cm-1 )

ω 2A,TOj

=

Square of amplitude of each lorentzian (cm-2 )

γ TOj

=

Spacing between each lorentzian (cm-1 )

Another approach is to use the ROL to build a dielectric function from
scratch, i.e., along with the epsilon infinity term. In that case the ω 2A,TOj is positive.
When the ROL is used a very accurate fit to the experimental spectrum with the least
error is obtained. In this thesis, when ROL is used to fit the experimental reflectance
spectrum for bare substrate measurements, the axial and planar modes in both 4H-SiC
and 6H-SiC were observed (see table 4.7).

2.8 Longitudinal Optical Phonon Plasmon coupling modes

The LO phonon mode shifts towards a higher wavenumber as free carrier
concentration is increased [12,23]. This behavior arise from the strongly damped
longitudinal vibration of carrier plasma, i.e., the plasmon, which couples with the LO
phonon via their macroscopic electric fields to a phonon-like coupled mode called
Longitudinal Optical Phonon Plasmon coupling modes (LPP). In the phonon
plasmon-coupling regime, the unscreened LO phonon mode and the pure plasma
oscillation mode are replaced by two LPP coupled modes. Therefore, it can be
deduced that the frequencies of the LPP are very sensitive to free-charge
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concentration rather than the LO phonon mode [8,11]. The LPP mode frequencies are
±
−
represented as ω LPP
. However the ω LPP falls below the measurement range of FTIR

(< 600 cm-1 ), and hence it is not studied. In this thesis, neglecting the phonon and
plasmon damping coefficients, the frequencies of the two LPP modes are estimated
from the singularity in the simplified dielectric function [6].

ω

±
LPP

1 2
=  ω LO
+ ω P2 ±

2 

(ω

2
LO

+ω

)

2 2
P

1/2

− 4ω ω
2
P

2
TO


 

(2.18)

Where:
+
ω LPP
−
ω LPP

=
=

greater than ωLO
less than ωT O.

ωp

=

Plasma frequency from equation 2.13

±
The theoretical ω LPP
can be calculated by substituting the undisturbed ωLO

from the semi-insulating substrate measurements and the ωp as calculated from
equation 2.13.

2.9 Epitaxy
Epitaxy is a process of depositing a layer of single crystal material upon the
surface of single crystal substrate. There are two different types of epitaxial growth
mechanisms, called homoepitaxy and hetroepitaxy. If the film deposited is of the
same material as the substrate, it is homoepitaxy, and if it is chemically different from
the substrate, it is hetroepitaxy. Different processes, like Liquid Phase Epitaxy (LPE),
Solid Phase Epitaxy (SPE) and Vapor Phase Epitaxy (VPE), which are widely
accepted, can also be used for epitaxial growth process. The most popular technique,
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however, is Chemical Vapor Deposition (CVD). The typical SiC CVD process uses
step-controlled epitaxy. As a result of this, micro-steps are formed on the surface. The
growth occurs along these steps. Hence, homoepitaxy can be achieved through the
lateral growth from the steps, thus inheriting the stacking order of the substrates. By
this technique the growth temperature can be reduced more than 300o C and the
epilayers are grown with good polytype control. They are of a high quality suitable
for device applications [19].

2.10 Fourier Transform Infrared Reflectance Spectroscopy
Fourier Transform Infrared (FTIR) reflectance spectroscopy is one of the
characterization

methods

by

which

infrared

radiation

from

the

sample

is

characterized. The basic component of a Fourier transform spectrometer is the
Michelson interferometer shown in figure 2.11.

Figure 2.11: Michelson interferometer
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The Michelson interferometer consists of a beam splitter, a movable mirror,
and a fixed mirror. The beam splitter creates two separate optical paths by reflecting
50% of the incident light and transmitting the remaining 50%. The movable mirror
adjusts the distance between the beam splitter and itself. When the light from the
fixed mirror recombines with the light from the movable mirror, a phase shift
between these two beams causes interference in the resulting beam. Therefore, the
intensity of the beam exiting the interferometer varies sinusoidally between a
maximum intensity value (at a 0o phase difference) and a minimum intensity value (at
a 180o phase difference). The mirror then reflects the beam onto the sample, which
absorbs some of the infrared radiation at characteristic frequencies according to its
bond strength and structure. When infrared radiation is absorbed by the sample, it
causes phonon motion (lattice vibrations). The reflected part of the beam then enters a
detector for final measurement of the interferogram signals [20]. The interferogram
consists of series of maxima and minima given by the equation 2.19.

I ( x ) = B ( f )[1 + cos( 2πf )]

(2.19)

Where:
B(f) is the source intensity modified by the sample.

Finally, a computer processes the data from the detector. Using Fourier
transform methods, the computer breaks down the interferogram into its sinusoidal
components, which it then uses to calculate reflected values across the spectrum.
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w

B( f ) =

∫ I ( x ) cos( 2πf )dx

(2.20)

−w

The

FTIR

method

provides

several

advantages

over

the

dispersive

instruments. Most importantly, FTIR allows simultaneous measurement of the entire
spectrum with scan times of only one or two seconds (Felgett’s advantage). Secondly,
there is no grating or slit loss in the FTIR system to limit beam width and decrease
the energy striking the sample (Jacquinot’s advantage). Lastly, the problem of stray
light is eliminated in FTIR devices by using much high throughput and eliminating
the need for PMT-type detectors. From the obtained reflectance spectra, information
about the concentration of impurities, defects incorporated, free carrier concentration,
effective mass, mobility of free carriers, and thickness of the sample can be extracted.

Chapter III
EXPERIMENTAL SETUP
3.1 FTIR SETUP
FTIR spectroscopy measurements are recorded using a FilmExpertT M 2140.
The FilmExpert is a stand-alone thin film analyzer with manual wafer loading and
automatic wafer mapping. The top part includes an optical head (spectrometer +
optics), an automated stage, and a flat panel monitor. The lower part includes the
power board, the stage controller, the computer and the spectrometer electronics.

Figure 3.1 FilmExpert model 2140 schematic

The FilmExpert uses special optics that suppress the wafer backside
reflections, which allows the accurate modeling of the interference effects due to thin
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films alone. The reflectance spectrum measured then is only due to the wafer front
surface reflections. The FilmExpert uses a silicon chip as an internal reflectance
reference in order to obtain absolute reflectance of unknown samples. The detector is
cooled with liquid nitrogen, and hence the wavenumber range 500 – 7000 cm-1 is
measurable. The typical spot size measured is 200µm x 800µm. The samples are
measured at room temperature with the incident light at 47o and hence the reflectance
is measured as function of both s and p polarization intensity. The measurements are
performed at a spectral resolution of 1 cm-1 and are subjected to large number of
scans; typically 64 scans or 128 scans, depending on the requirements.

3.2 Epitaxial Growth Setup
The samples studied for this work are grown by epitaxial process in a hot wall
reactor in the Emerging Materials Research Laboratory (EMRL) at Mississippi State
University.

3.2.1 Hot Wall reactor
The low-pressure horizontal hot wall reactor used for epitaxial growth in the
research is shown in figure 3.2. The reactor consists of a 100mm diameter quartz
tube, and a 170mm quartz tube (see Fig.3.2), a radio frequency generator, Mass Flow
Controllers (MFC), a pyrometer, and a computer control system. A high purity SiC
coated graphite susceptor is inserted into the quartz tube. A radio frequency induction
copper coil that couples the quartz tube surrounds the susceptor. An infrared
pyrometer located at the exhaust end of the tube measures the temperature of the
growth. The vacuum maintains low-pressure inside the chamber, and it is also used to
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pump out the gases before the runs. It is capable of maintaining low pressure up to 1 x
10-4 torr.

Figure 3.2 Low Pressure Horizontal Hot Wall Reactor

The silicon precursor is 3% silane (SiH4 ) and 97% hydrogen mixture by
volume. The carbon precursor is 3% propane (C 3 H8 ) and 97% hydrogen mixture by
volume. The samples studied in this work are 3-inch and 2-inch wafers. The 3-inch
wafers are grown in 170mm diameter quartz tube reactor and 2-inch in 100mm quartz
tube reactor.

3.3 Measurement technique: CV, IV
Another characterization technique to extract the doping information from the
epitaxial layers is mercury probe capacitance voltage measurements. The basic
mercury probe setup is shown in figure 3.3.
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Figure 3.3 Mercury Probe Setup

The mercury probe consists of two columns of mercury, which makes two
contacts with the test sample. The principle of operation is that the smaller hole
makes a Schottky contact, while the larger hole makes an Ohmic contact. The voltage
is applied so that the sample is reverse biased. Deeper depletion widths can be probed
using larger voltages. A small AC signal measures the perturbations in the depletion
widths and gives the capacitance information. Scanning with a DC bias produces a
doping profile. Then, the doping is extracted from the capacitance plotted as a
function of DC bias.

CHAPTER IV
EXPERIMENTS AND RESULTS

4.1 Calibration of machine error
Taking multiple measurements at the same point and calculating the mean,
variance, and standard deviation of the sample measurements, the FTIR machine
error is calibrated. An n-type 4H-SiC sample is measured. The peak at a particular
wavenumber for all the readings is noted and then the mean and standard deviation of
the values are calculated. The standard deviation gives the error in the measurement.
The reflectance values are recorded at 800 cm-1 , for each of the 100 readings. The
mean thus obtained is 0.88, standard deviation is 0.00122 and variance is 1.5 x 10-6
[21]. These values suggest that the random machine error is very less and the
observed differences in the reflenactance measurements are not an artifact.

4.2 Substrate Measurements
The SiC samples used for the optical studies in this thesis are a series of ntype nitrogen doped 4H conducting substrate, both lightly and heavily doped. A 6HSiC was also studied to see the differences in the reflectance measurements. Later on,
a series of vanadium-doped semi-insulating substrates are also studied. Table 4.1
summarizes the different substrates, run numbers and the epi stacks studied for this
work.
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Table 4.1.
List of different substrates, run numbers and epi stack used for this work
Different Substrates

Run numbers

Cree - 4HN, 6HN
Cree - 4HP, 6HP
Cree - 4H-SI
II-VI - 6H-SI
Si Crystal

Wafer ID # 4HN/6HN
Wafer ID # 4HP/6HP
Wafer ID # 4H-SI
Wafer ID # 6H-SI
04-4H-108
04-4H-113

Cree 4HN

03-4H-015
01-4H-355
BAE64-FM-07

Si Crystal

Epi stack

Bare Substrates
Single epi
Single epi
Single epi

CAC72D9-05
Sterling
6H-II-VI-CS
6H-II-VI-SIS

Note: 1)
2)

CO133-12
993-12
993-08
04-6H-143
04-6H-066

Single epi
MESFET stack on CS
MESFET stack on SIS

Each epi stack has a different thickness and doping for each run
number that are discussed in detail in further sections.
Typically the doping in Si Crystal substrates is ~(9-12) x 1018 cm-3 ,
Cree substrates is ~ (5-7) x 1018 cm-3 and Sterling substrates is ~ (1-3)
x 1018 cm-3

4.2.1 n-type Conducting Substrate (CS)
The n-type conducting substrates studied for this work are nitrogen doped
commercially available 2-inch wafers. Both 4H and 6H substrates are studied.

4.2.1.1 4H-CS
The reflectance spectra are measured at a resolution of 2 cm-1 at 64 scans.
Figure 4.1 shows the experimental reflection spectra from a 4H bare substrate.
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Figure 4.1 Experimental reflectance spectra of a 4HN

The reflection spectrum thus obtained from FTIR measurements is taken off
the FTIR system computer and model fitted using the GenAnalysis Software. Modelbased analysis has detailed physical or empirically constructed parametric models to
be fit to the reflectance data, thereby extracting multiple data even from complex
multilayer structures. The spectral dielectric function in the infrared is represented by
a high frequency dielectric constant, sum of lorentzians, range of lorentzians, and a
drude term. These terms are added in the software and the initial guess parameters are
given for each. The software then tries to model the experimental reflection spectra
using the Levenberg-Marquardt least square fitting algorithm [22]. The analysis of a
measured reflectance spectrum, using the least squares fit method, requires a good
model for the dielectric function, as well as the R equation appropriate to the sample
geometric structure. The modeled reflectance spectrum is shown in figure 4.2.
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The modeled reflectance spectrum is calculated from fitting the measured
reflectance spectrum by calculating best-fit values for n and k. The error is calculated
in the software by estimating equation 4.1.

MeanSquare Error

Error =

1
N

∑ (meas − meas
i

mean

The normalization of the error by the factor

(4.1)
)

2

1
∑ ( measi − measmean ) 2 is to
N

represent the fact that the experimental data spanning a large range in reflectance is
more likely to have higher MSE than one with much narrower range of reflectance.
The Mean Square Error (MSE) is calculated as shown in equation 4.2 [18].

MSE =

( measi − pred i ) 2 1
χ2
=∑
−
N
σ ii
N

(4.2)

Where:
N
σi
measi
predi

=
=
=
=

measmean

=

Number of points
Standard deviation at wavenumber i
Measured reflectance at wavenumber i’
Modeled or calculated reflectance at
wavenumber i
Average measured reflectance

Different bare substrate measurements are taken and the various parameters
extracted from model fitting the experimental reflectance measurements are shown in
table 4.1.
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Figure 4.2 Modeled reflectance spectra of 4HN (a) thin line-experimental and (b)
thick line-modeled

4.2.1.2 Heavily doped 4H-CS
A heavily doped n-type 4H CS reflectance measurement is shown in figure
4.3. The reflectance measurements are made, and as described, the dielectric function
is defined by a high frequency dielectric constant, sum of lorentzians, range of
lorentzians, and a drude term to fit the reflectance measurements. The free carrier
concentration obtained from model fitting the 4H reflectance measurements is 9.9 x
1018 cm-3 .
Figure 4.4 shows the comparison of experimental reflectance measurements of
two different 4H CS. From figure 4.4 it can be seen that the wavenumber range 6001200 cm-1 is mostly sensitive to the free carrier concentration. More specifically the
reflectance minimum is shifted towards higher wavenumber for heavily doped
substrate, and the slight differences in the reflectance measurements above 1200 cm-1
could be attributed to the differences in the thickness and surface roughness.
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Figure 4.3 Modeled reflectance spectra of sample ID: DACO38E-17 (a) thin lineexperimental (b) thick line- modeled

Figure 4.4 Comparison of two different 4H CS (a) dotted line- 4HN- doped 6 x 1018
cm-3 (b) thin line- 4HN-doped 9.2 x 1018 cm-3

4.2.1.3 6H-CS
An n-type 6H CS is also measured to see the differences in the
reflectance spectrum due to difference in the polytypes. Figure 4.5, which compare
the reflectance spectra of 4H and 6H CS, shows appreciable differences in the

43
spectrum in different wavenumber regions. These differences could be attributed to
the difference in the free carrier concentration. However, it is not very clear at this
point if it is due to the polytype structure. The 6H planar mode (at 968 cm-1 ) shows a
larger variation than the axial mode (799cm-1 ), indicating the 6H-SiC has larger
crystal anisotropy than 4H-SiC [12].

Figure 4.5 Experimental reflectance spectra (a) thin line- 4HN (b) thick line- 6HN.

The values that are extracted after model-fitting the reflectance measurements
are the high frequency dielectric constant (ε ∞), transverse phonon frequency (ωTO),
longitudinal phonon frequency (ωLO), phonon damping constant (Γ), plasmon
damping constant (γ), and the free carrier concentration (N). Also the n and k are
calculated as a function of wavenumber. The plasma frequency (ωp ) is calculated by
substituting the free carrier concentration (N) extracted from GenAnalysis and other
constant terms into equation 2.13. The values extracted from model-fitting the
reflectance measurements are in agreement with the values extracted from Raman
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Scattering measurements in SiC [12] and Infrared Reflectivity in SiC [13]. The
+
longitudinal phonon plasmon coupling modes ( ω LPP
) is also extracted by calculating

the Imag {-1/ε}. The LPP+ peak value extracted can also be used to estimate the free
carrier concentration. From the extracted plasmon damping/gamma values the
mobility of electrons can be calculated from equation 2.15.

Table 4.2
Best-fit parameters extracted for different n-type CS
Parameters extracted
for bare conducting
substrates

Sterling
Substrates
6H-CS

Cree Substrates
4H-CS

Si Crystal
Substrates
4H-CS

N (cm-3 )
ε ∞ (Fcm-1 )
ω TO (cm-1 )
Γ (cm-1 )
γ (cm-1 )
ω p (cm-1 )
+
ω LPP
(cm-1 )
µ (cm2 /v-s)

2 x 1018
6.8
799
6.1
442
204.4
975.87

6.3 x 1018
6.72
798.9
5.2
630.5
362.7
985.5

9.88 x 1018
6.89
798.9
4.3
786.2
454.2
1004

50.19

35.18

28.22

4.2.2 p-type Conducting Substrate (CS)
The p-type CS studied for this work are aluminum doped commercially
available 2-inch wafers. Both 4H and 6H substrates are studied.

4.2.1.1 4H and 6H-CS
The reflectance measurements of 4H and 6H p-type aluminum doped
conducting substrates were made using FTIR. The analysis of the experimental 4H
and 6H reflectance measurements shows that there is less difference between the
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reflectance spectra of the two samples. The n and k are extracted by best fitting the
reflectance measurements with lorentzians and range of lorentzians over a limited
wavenumber range. The n and k thus obtained are used as background files for
modeling the future ‘p’ layer in the multiple stack structure [23]. Figure 4.6 shows the
comparison of experimental reflectance measurements of 4H and 6H CS.

Figure 4.6 Experimental reflectance spectra (a) thin line - 4HP (b) thick line – 6HP

4.2.3 Semi-insulating Substrate
The semi-insulating substrate (SIS) reflectance measurements were studied to
observe the undisturbed longitudinal optical phonon frequency (ωLO). For this
purpose, 4H and 6H vanadium doped substrates are studied.

4.2.3.1 4H-SIS
The experimental and modeled reflectance spectrum of a 4H-SIS is shown in
figure 4.7. The reflectance spectrum is model fitted with the high frequency dielectric
constant, lorentzians and the range of lorentzians. The n and k are obtained at each
wavenumber from the calculated reflectance spectrum. Later on, ε real and ε imag are
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calculated from n and k, where ε real = (n2 -k 2 ) and ε imag = (2ink). Then the Imag {-1/ε}
is calculated (since ε = ε real + ε imag ). From this plot, the peak value is extracted,
which is the undisturbed ωLO.

Figure 4.7 Modeled reflectance spectra of 4H-SIS (a) thin line- experimental (b) thick
line- modeled

Figure 4.8 n and k extracted for 4H-SIS (a) dotted line-n (index of refraction) and (b)
dark line-k (extinction coefficient)
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Figure 4.8 shows the n and k plots calculated from the modeled reflectance
measurement and figure 4.9 show the undisturbed ωLO extracted by plotting the Imag
{-1/ε} in MATLAB.

Figure 4.9 Undisturbed ωLO extracted from 4H-SIS

4.2.3.2 6H-SIS
A 6H-SIS and 4H-SIS reflectance measurements are compared (see figure
4.10). As seen from the Figure 4.10, there are slight differences in the reflectance
spectrum from the two substrates between 900-1000 cm-1 but no appreciable
differences over 1000-6000 cm-1 . Therefore, there is a slight difference in the
undisturbed ωLO extracted from these substrates (4H and 6H-SIS). The accepted
literature value of the LO frequency ωLO = 964.5 cm-1 from Raman scattering
measurements [11]. Figure 4.11 shows the modeled reflectance spectrum of a 6H-SIS
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and also the extracted extinction coefficient k and Figure 4.12 shows the undisturbed
ωLO extracted.

Figure 4.10 Experimental reflectance spectra (a) dotted line- 4H-SIS and (b) thin line6H-SIS

Figure 4.11 Modeled reflectance spectra of 6H-SIS (a) dotted line- extracted k
and (b) thick line- modeled (c) thin line- experimental
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6H-SIS

Figure 4.12: Undisturbed ωLO extracted from 6H-SIS
Table 4.3 records the undisturbed ωLO extracted from our 4H and 6H-SIS
measurements and also the accepted literature values from RS experiments.

Table 4.3
Undisturbed ωLO value extracted from SIS
Measurement
technique
Undisturbed ωLO

FTIR
4H-SIS
Units (cm-1 )
972.01

FTIR
6H-SIS
Units (cm-1 )
972.97

RS
4H-SIS Ref [8]
Units (cm-1 )
964.5

The above different substrate measurements, leads to the conclusion that the
ωTO remains at 799 cm-1 ± 2 cm-1 , irrespective of the free carriers in the substrate, and
the ωLO shifts towards higher wavenumber as FCC is increased [23,24].
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+
The theoretical ω LPP

values are calculated from equation 2.18. The

undisturbed ωLO is from SIS measurements and ωp from equation 2.13. The value of
meff is fixed at 0.42mo and ε ∞ is 10.2 (for SiC)[24].
Table 4.4
+
Theoretical ω LPP
value calculated for different FCC
+
ω LPP
(cm-1 )

-3

FCC (cm )

ωp

+
ω LPP
(cm-1 )

+
ω LPP
(cm-1 )

ωLO = 964.5 cm-1 ωLO = 972.01cm-1 ωLO = 972.97cm-1

17

45.70
79.15

964.84
965.52

972.36
973.06

973.32
974.02

17

102.18
120.90
137.09
144.51
158.30
176.98
204.36
241.80
250.29
323.12
382.32
408.72
433.52
452.37
456.97
479.27
500.58
521.02
540.69

966.21
966.90
967.59
967.94
968.64
969.70
971.48
974.38
975.11
982.67
990.63
994.76
998.99
1002.44
1003.32
1007.75
1012.29
1016.93
1021.66

973.76
974.47
975.18
975.54
976.26
977.34
979.16
982.13
982.88
990.60
998.71
1002.91
1007.21
1010.72
1011.61
1016.11
1020.70
1025.34
1030.18

974.73
975.44
976.15
976.51
977.23
978.32
980.14
983.12
983.87
991.61
999.74
1003.95
1008.26
1011.78
1012.67
1017.17
1021.78
1025.38
1030.18

1 x 10
17
3 x 10
5 x 10
17
7 x 10
17
9 x 10
18
1 x 10
18
1.2 x 10
18
1.5 x 10
18
2 x 10
18
2.8 x 10
18
3 x 10
18
5 x 10
18
7 x 10
18
8 x 10
18
9 x 10
18
9.8 x 10
19
1 x 10
19
1.1 x 10
19
1.2 x 10
19
1.3 x 10
19
1.4 x 10

Note: Theoretical values calculated from equation 2.18 and do not include the
anisotropic behavior
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4.3 Single Epitaxial Layers
Single homo-epitaxial layers of varying thickness are grown on different
conducting substrates, and the differences in the reflectance measurements are
studied. The thickness and the free carrier concentration are estimated.

4.3.1 Single Epi on Heavily doped CS
The 4H heavily doped conducting substrates are measured before the epitaxial
growth, and the free carrier concentration is estimated. The doping of the bare
substrate is also measured by capacitance-voltage (CV) measurement.

The serial

numbers of bare substrate are DA-CO38E-17 and DA-C1D74-06. Figure 4.15 shows
the CV profile of these two samples.

Sample ID: DA-CO38E-17

Sample ID: DA-C1D74-06

Figure 4.13 CV profile of two different heavily doped 4HN

The reflectance measurements are done on these two samples, and the FCC is
extracted by model-fitting the substrate measurements. The measurements at the same
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point (center point of the wafer) of these two samples are compared; and there are
differences in the experimental reflectance measurements between 600-1200cm-1 and
no appreciable differences above 1200cm-1 . Figure 4.14 shows the comparison of
sample DA-CO38E-17 and DA-C1D74-06. Figure 4.15 shows the modeled
reflectance spectrum obtained from curve fitting.

Table 4.5
Values extracted from model fitting different substrates
+
ω LPP
Units (cm-1 )
1004.8

Gamma (γ)
Units (cm-1 )
853.6

FCC (N)
Units (cm-3 )

DA-CO38E-17

ωTO
Units (cm-1 )
799

DA-C1D74-06

799

997.08

756.6

9.8 x 1018

4H-SIS

799

972

N/A

N/A

6H-SIS

799

972.9

N/A

N/A

Sample ID

1.35 x 1019

Table 4.6
FTIR and CV profiling values of heavily doped 4H-CS
Sample ID
DA-CO38E-17
DA-C1D74-06

FCC extracted from
FTIR Units (cm-3 )
1.35 x 1019
0.98 x 1019

Doping extracted from
CV Units (cm-3 )
1.5 x 1019
1.35 x 1019

+
The n and k is obtained, from the modeled spectrum, and then the ω LPP
is
+
extracted by plotting Imag {-1/ε} in MATLAB. This apparent shift in ω LPP
towards

higher wavenumber away from undisturbed ωLO (extracted from SIS measurement) is
due to phonon plasmon coupling [12].
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Figure 4.14 Comparison of two heavily doped 4HN (a) thick line- DAC1D74-06 and (b) thin line-DA-CO38E-17

Figure 4.15 Modeled reflectance spectra of sample DA-CO38E-17
(a) thick line- modeled (b) thin line- experimental (c) dotted line- k

Table 4.5, lists the values extracted from model fitting. The value for gamma
and free carrier concentration are estimated by fixing the effective mass at 0.42mo (mo
is the rest mass of electron = 9.11 x 10-31 kg).
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+
Figure 4.16 ω LPP
extracted for two different samples

4.3.1.1 Run 04-4H-108
This section studies, the single epitaxial layers of varying thickness on
different heavily doped CS. The run 04-4H-108 has a single epitaxial layer grown on
substrate DA-CO38E-17. The measurements are carried out at various points across
the wafer, and thickness and free carrier concentration are extracted. CV profiling is
also done to estimate the doping. The thickness of the epi layer is estimated from
model-fitting the reflectance measurements between the wavenumber range 10006000 cm-1 and the FCC between 600-1200 cm-1 . Figure 4.17 show the thickness
extracted from FTIR measurements.

Figure 4.17 Thickness (units µm) extracted from FTIR run 108
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The typical curve fit for thickness and FCC is shown in Figure 4.18. The FCC
is estimated in two ways, one of which is curve fitting the experimental reflectance
measurements 600-1200 cm-1 with a background file, drude term and range of
lorentzians. Another way is curve fitting over the same range without the range of
+
lorentzians and extracting the n and k and plotting the ω LPP
peak. The FCC estimated

from both methods is in reasonable agreement with the doping extracting from CV
profiling. Figure 4.19 show the doping from CV and FCC extracted from FTIR.

Figure 4.18 Fit for FCC and thickness (a) thin line-experimental and (b) thick linemodeled

Figure 4.19 Doping (units 1 x 1018 cm-3 ) extracted from CV and FCC from FTIR
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+
The ω LPP
peak was extracted for both with a ROL (good curve fit) for the epi

layer and without ROL (poor curve fit). The k extracted with ROL has two peaks,
+
possibly due to the anisotropic behavior of 4H-SiC [12]. Figure 4.20 shows the ω LPP

peaks extracted for two different initial conditions and Table 4.6 records the
+
ω LPP
peak values.

+
Figure 4.20 ω LPP
extracted for run 108

Table 4.7
+
ω LPP
value extracted for run108

Run 04-4H-108
From Table 4.4 @ 9x1017 cm-3
Without ROL
With ROL
+
ω LPP values @ 4.9x1017 cm-3
[Ref 12]

+
ω LPP
peak value
Units (cm-1 )
967.68
968.41
966.5
987.71
964.2
966.4
(Axial mode)
(Planar mode)
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4.3.1.2 Run 04-4H-113
The run 04-4H-113 has a single epitaxial layer grown on substrate DAC1D74-06. The measurements are carried at various points across the wafer and
thickness and free carrier concentration are extracted. Similar analysis is carried out
on run 113 as described above for run 108. The doping extracted from CV
measurements is shown in Figure 4.21. Figure 4.22 gives an estimate of thickness
+
extracted from FTIR and from CV for run 113. The ω LPP
values extracted for

different initial conditions (with and without ROL) are recorded in table 4.8.

Figure 4.21 Doping (1 x 1017 cm-3 ) extracted from CV for run 113

Table 4.8
+
ω LPP
value extracted for run113

Run 04-4H-113
From Table 4.4 @ 2.7x1017 cm-3
Without ROL
With ROL
+
ω LPP values @ 4.9x1017 cm-3
[Ref 12]

+
ω LPP
peak value
Units (cm-1 )
965.42
964.55
962.55
983.85
964.2
966.4
(Axial mode)
(Planar mode)
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Figure 4.22 Thickness (units µm) extracted from FTIR and CV for run 113
+
The analysis of the above two runs, run 108 and 113, shows that the ω LPP

peak extracted without the ROL is closer to the theoretical value (from table 4.3) than
+
the ω LPP
peak extracted with the ROL (the axial and planar values from Ref [12] do

not agree well with the values obtained from curve fits). Therefore, the anisotropic
behavior is not included in the analysis. The results for these runs and other runs are
analyzed in the results and discussion section below.

4.3.2 Single Epitaxial layer on relatively lightly doped CS
In this section single epitaxial layers on different conducting substrates are
studied. The FCC in the substrate as from FTIR analysis is 5.5 x 1018 – 9 x 1018 cm-3 .
Four different runs are analyzed in this section, and the epitaxial layers studied are of
different thickness and free carrier concentrations.

4.3.2.1 Run 03-4H-015 and Run 01-4H-355
Run 03-4H-015 has a single epitaxial layer on CREE substrate. The
measurements are performed on a small chip of dimensions 0.5 x 0.5 mm. Therefore;
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the FTIR and CV measurements are made at the center point only. The thickness and
FCC as extracted from FTIR and the doping from CV profiling is listed in table 4.9.
+
and the ω LPP
peak value extracted is listed in table 4.10.

Table 4.9
Thickness and FCC from FTIR and doping from CV for run 015 and run 355
FTIR

Bare Substrate
Run 03-4H-015
Bare Substrate
Run 01-4H-355

Thickness
Units (µm)
--2.8
--0.8

FCC
Units (cm-3 )
7.3 x1018
1.62 x1018
5.4 x1018
--

CV
Doping
Units (cm-3 )
--1.7 x 1018
--3 x 1017

4.3.2.2 Run BAE64-FM-07 and Run CAC72D9-05
The run BAE64-FM-07 and run CAC72D9-05 have a heavily doped single
epitaxial layer on a two different 4H-CS. The thickness and FCC as extracted from
+
FTIR analysis are listed in table 4.11 and the ω LPP
peak value extracted is listed in

table 4.12.
Table 4.10
+
ω LPP
value extracted for run 015 and run 355

From Table 4.4 @ 2x1018 cm-3
Run 03-4H-015: Without ROL
From Table 4.4 @ 3x1017 cm-3
Run 01-4H-355: Without ROL

+
ω LPP
peak value
Units (cm-1 )
970.40
972.31
965.52
969.37
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Table 4.11
Thickness and FCC from FTIR for run BAE64-FM-07 and run CAC72D9-05
FTIR

Bare Substrate
Run BAE64-FM-07
Bare Substrate
Run CAC72D9-05

Thickness
Units (µm)
--1.4
--1.86

FCC
Units (cm-3 )
8 x1018
1.3x1019
9 x1018
1.1x1019

Table 4.12
+
ω LPP
value extracted for run BAE64-FM-07 and run CAC72D9-05

From Table 4.4 @ 1.3x1019 cm-3
Run BAE64-FM-07: Without ROL
From table 4.4 @ 1.1x1019 cm-3
Run CAC72D9-05: Without ROL

+
ω LPP
peak value
Units (cm-1 )
1016.92
1017.7
1007.75
1010.2

4.3.3 Single Epi on lightly doped CS

In this section, single epitaxial layers on a lightly doped conducting substrate
are analyzed. For this purpose, the single run CO133-12 is analyzed.

4.3.3.1 Run CO133-12
The run CO133-12 has a heavily doped single epitaxial layer on a lightly
doped 4H-CS. The thickness and FCC as extracted from FTIR analysis are listed in
+
table 4.13 and the ω LPP
peak value extracted is listed in table 4.14.
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Table 4.13
Thickness and FCC from FTIR run CO133-12
FTIR

Bare Substrate
Run CO133-12

Thickness
Units (µm)
--1.24

FCC
Units (cm-3 )
2 x1018
1.4x1019

Table 4.14
+
ω LPP
value extracted for run CO133-12

From Table 4.4 @ 1.4x1019 cm-3
Run CO133-12: Without ROL

+
ω LPP
peak value
Units (cm-1 )
1021.66
1022.2

4.4 Two Epitaxial layers
In this section two epitaxial layers on top of each other are studied. In the
simplest form a typical MESFET epi stack consists of two epitaxial films grown on
either a CS or a SIS. The top epi layer forms the device channel and is often doped nchannel between 2 and 5 × 1017 cm-3 and is about 0.3 µm thick. The epi layer between
the CS or SIS and the n-channel is the buffer, which is typically lightly p-buffer about
5 × 1015 cm-3 and is about one-half micron thick.

4.4.1 MESFET stack on CS
FTIR measurements are done across the whole wafer both before (bare
substrate) and after the MESFET stack grown on a 6H-CS. The FCC of the substrate
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is 7.2 x 1017 cm-3 as extracted from CV and FTIR. The comparison of the reflectance
spectrum before (substrate) and after the epi growth is shown in Figure 4.23, and the
differences that have been extracted between the two (substrate and epi) is shown in
Figure 4.24. Figure 4.24 show that there are more pronounced differences in the
wavenumber region 600-1200 cm-1 (sensitive to FCC) and 1000 - 6000 cm-1
(sensitive to thickness). The bump at 2250 cm-1 is due to water vapor absorption.
The interface between the CS and the p-buffer could be easily resolved
because of the appreciable differences in the dielectric function of the two materials.
However, the interface between the p-buffer and the n-channel is not resolved that
easily. Therefore, the thickness estimation of the n-channel is often ambiguous.
Therefore, the thickness of the n-channel is improved by pre-estimating the plasma
frequency, from the doping value obtained from CV profiling [25].

Figure 4.23 Experimental reflectance spectra (a) thin line- 6HN and (b) thick lineafter the MESFET stack epi growth
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Figure 4.24 Differences in the reflectance spectrum between the experimental CS and
after the MESFET stack epi growth

4.4.1.1 Run 993-12
Run 993-12 has a MESFET stack on CS. The measurements are made across
the whole wafer and the thickness values are extracted with a 2-layer model fitting
+
(see Fig. 4.25) and the FCC of the n-layer is extracted from both FTIR and from ω LPP

peak estimation. The FCC extracted from CV and FTIR techniques (see Fig. 4.26) are
compared and they agree fairly well.

Figure 4.25 Thickness (units µm) of n-channel and p-buffer for run993-12 extracted
from FTIR

64

Figure 4.26 FCC (units 1 x 1017 cm-3 ) of the n-channel for run993-12

4.4.1.2 Run 993-08
Run 993-08 has a MESFET stack on CS. The doping of the n-channel is in the
order of 3 x 1017 cm-3 and the thickness of the n-channel and p-buffer is same as run
993-12.
Table 4.15
+
ω LPP
value extracted for run 993-12 and run993-08

From Table 4.4 @ 8.7x1017 cm-3
Run 993-12: Without ROL
From Table 4.4 @ 2.8x1017 cm-3
Run 993-08: Without ROL

+
ω LPP
peak value
Units (cm-1 )
967.49
967.13
965.45
966.11

4.4.2 MESFET stack on SIS
The MESFET stack on SIS is grown on a 6H-SIS wafer. An FTIR
measurement is performed on two different runs (Run 04-6H-066 and Run04-4H143) across the whole wafer both before (bare substrate) and after (MESFET stack)
epitaxial growth is performed. Figure 4.27 shows the differences that are extracted
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between the two (substrate and after epi). Figure 4.27 demonstrates that there are
fewer differences between the substrate and epi reflectance spectra. Hence, extracting
accurate thickness values is difficult. However, it is difficult to extract the p-buffer
thickness since there is no appreciable difference in the refractive index of the pbuffer and the SIS. Therefore a slightly different approach is used for extracting the
thickness of the n-channel. CV profiling is done to measure the doping and thickness
of the n-channel. Later, in FTIR curve fitting, the FCC is fixed to the CV extracted
value and the corresponding gamma is obtained from the literature [12].

Figure 4.27 Differences in the reflectance spectrum between experimental SIS and
after the MESFET stack epi growth
A better-conditioned curve fit above 1000 cm-1 results by fixing the plasma
−
frequency to the value obtained from another method, such as observing an ω LPP

peak (if available) or through CV profiling, thus improving the overall estimate of the
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epi thickness under conditions of low contrast, such as can occur when an epi layer
with an FCC less than 2 x 1018 cm-3 is grown on a SIS.

4.4.2.1 Run 04-6H-143
Run 04-6H-143 has a MESFET stack on SIS. Figure 4.28 shows the thickness
as extracted from CV and FTIR. The CV measurements are lower as compared to
FTIR. The CV measurements are done at low frequency of 10 KHz in order to
minimize the effects of series resistance. The measured channel thickness from CV
does not include the portion of the channel region depleted at the channel-buffer
interface. An estimate of this depletion suggests adding 25-35 nm to the channel
width depending on the exact values of the channel and buffer doping. The epi
thickness values extracted across the leading edge to trailing edge for run 143 show a
trend corresponding to the typical reactor growth profile.

Figure 4.28 Thickness (units µm) of n- channel for run143

Since there are fewer differences between the epi and substrate reflectance
measurements (see Fig. 4.27), to ensure accurate thickness values are obtained for the
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structure with the epi, a small test has been performed. The same analysis recipe that
is used to extract the n-channel thickness is applied to the substrate measurements,
and the results obtained after curve fitting both the epi and substrate are compared.
Even though the curve fit appeared good for the substrate, the values extracted were
not consistent (solid squares in figure 4.29) with the values extracted for epi
measurements. Figure 4.29 shows the thickness extracted for run 143 and the bare
+
substrate (1018-19). The ω LPP
peak value is also extracted at different points to

estimate the FCC in the n-channel. Even though there is a slight difference in the
+
doping (from CV) the ω LPP
peak value (from FTIR) remained constant, indicating
+
questionable resolution of the FCC from the ω LPP
peak.

Figure 4.29 Thickness extracted for run 143 (a) solid diamonds-with MESFET stack
and (b) solid squares-6H-SIS

Run 04-6H-066 is another run with MESFET stack on 6H-SIS wafer. Figure
4.30 shows the improved reflectance for the n-channel thickness with and without the
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drude term for both MESFET stack on CS and SIS. Figure 4.31 shows the thickness
extracted across the whole wafer with and without the drude term.

MESFET stack on SIS

MESFET stack on CS

Figure 4.30 Improved reflectance for (a) n-channel thickness of MESFET stack on
SIS and (b) n-channel thickness of MESFET stack on CS

Figure 4.31 Thickness extracted for run 066 (a) solid diamonds-without drude term
and (b) solid squares-with drude term
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4.5 Summary of Results
This section summarizes the various experimental results obtained. The
experimental results can be classified under two categories. First, the FCC below 2 x
+
1018 cm-3 is estimated by extracting the ω LPP
peak values from FTIR for single

epitaxial layers on CS [26]. Secondly, the thickness estimation of the n-channel in the
MESFET stack on conducting and semi-insulating substrates is improved by pre+
estimating the plasma frequency. The ω LPP
peaks have been extracted for the n-

channel in a MESFET stacks on both conducting and semi-insulating substrates.
+
Figure 4.32 shows the ω LPP
peak shift extracted for different single epitaxial layers

on CS. The improved thickness estimation of th e n-channel in the MESFET stacks is
shown in Figure 4.30 and 4.31[25].

+
Fig. 4.32 ω LPP
mode frequencies extracted from the peaks of Imag {-1/ε} vs.
ω for different samples
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+
Figure 4.33 Different Bare Substrates (a) solid squares - ω LPP
value extracted and (b)
curved line - theoretical line for ωLO = 964.5 cm-1 .

+
The experimental ω LPP peak values are extracted and plotted against the

plasma frequency in Figure 4.33 for different bare substrates. Figure 4.34 shows the
+
plot of ω LPP with respect to free carrier concentration for different bare substrate

measurements, single epitaxial layers on conducting substrates and also for the
MESFET stack structure. Figure 4.35 shows the plot for the free carrier concentration
(N) extracted from CV and FTIR versus the free carrier concentration (N) extracted
from LPP+ mode frequencies. It can be seen (from figure 4.35) that the N extracted
from LPP+ mode frequencies is not very sensitive for N < 5 x 1017 cm-3 for single
epitaxial layers on conducting substrates, therefore LPP- is a better choice.
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+
Figure 4.34 ω LPP
p eak values versus electron FCC - (a) thick line is equation (2.18),
(b) solid squares-experimental results of conducting substrate and (c) solid diamondssingle epitaxial layers on 4HN

Figure 4.35 N extracted from CV and FTIR versus N extracted from LPP mode
frequencies - (a) thick line- Ideal case, (b) solid squares-experimental results of
conducting substrate and (c) solid diamonds-single epitaxial layers on 4HN
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+
Figure 4.36 shows that ω LPP asymptotically approaches the undisturbed ωLO,
−
therefore ω LPP would be a better estimation for FCC < 2 x 1018 cm-3 , but the LPP-

modes were not resolvable because the detector cutoff limit of the system is 600 cm-1 .
However, a reflectometer with a longer wavelength capability should have no
−
difficulty estimating ω LPP , which would allow ωP to be calculated from equation

2.17.

Fig 4.36 Calculated frequencies of LPP+ modes [equation (2.18)] and comparison
with (i) the experimental results (solid diamonds) and (ii) dashed and dotted line
show the TO and LO phonon frequencies

CHAPTER V
Conclusions

5.1 Conclusions
The main purpose of this work was to improve the estimation of the free
carrier concentration below 2 x 1018 cm-3 by at least one order of magnitude (to 1 x
1017 cm-3 ) and also to improve the n-channel thickness estimation of the MESFET epi
stack on conducting and semi-insulating substrates. For these purposes, different
samples of both single and multiple epitaxial layers on conducting and semiinsulating substrates were studied.
The 4H and 6H-SIS were measured to extract the undisturbed ωLO and the
±
longitudinal phonon plasmon coupled modes ( ω LPP
) were studied to improve the

estimation of FCC below 2 x 1018 cm-3 . The background n and k files were developed
for different substrate measurements with good curve-fitting models. An epitaxial
layer as thick as 40 µm can be measured using the MKS FTIR system. The thickness
and the FCC (> 2 x 1018 cm-3 ) of the single and multiple epi layers could be extracted
with good accuracy provided there is a good contrast interface between the epi layer
stacks. The FCC of single epitaxial layers from 3 x 1017 cm-3 to 2 x 1018 cm-3
is improved by studying the shift in ωLO towards the higher wavenumber, which is
attributed to phonon plasmon coupling [26]. The mobility of electrons for different
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substrate measurements was also calculated from the gamma (γ) fitting parameter.
First, high resolution bare substrate measurements before the epi growth are needed
along with good dielectric models. With these models, good curve fitting is possible
for accurate n (index of refraction) and k (extinction coefficient) extraction. Second,
high-resolution measurements after the epi growth and good curve fitting models with
less correlation between the final extracted values are needed.
Better n and k background files improves the estimation of both thickness and
free carrier concentration in single and multiple epi layers on conducting and semiinsulating substrates [23]. The free carrier concentration estimation (< 2 x 1018 cm-3 )
of single epi layers on conducting substrates has been improved by studying the LPP
modes [26]. The estimation threshold is 5 x 1017 cm-3 for single epitaxial layers on
conducting substrate. However, below 5 x 1017 cm-3 there is not a sufficient resolvable
+
shift in ω LPP
even with very good curve fits. Secondly, the thickness estimation of the

n-channel in a MESFET stack on conducting substrate is improved by pre-estimating
the plasma frequency. The most challenging estimation problem was the MESFET
stack on SIS. However, adding a drude term improves, the thickness estimation of the
n-channel in the MESFET stack on SIS with fixed effective mass, gamma and doping
(obtained from CV profiling)[25]. However, more accurate estimation of free carrier
concentration on conducting and semi-insulating substrate can be obtained from the
−
+
LPP- mode ( ω LPP
) rather than from LPP+ mode ( ω LPP
).With a longer-wavelength

system to directly observe the LPP- mode frequency, the LPP- mode can be used as a
probe for FCC extraction below 2 x 1018 cm-3 .
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5.2. Future Work
Although the FCC estimation is improved to 5 x 1017 cm-3 for single epi on
conducting substrate and 7 x 1017 cm-3 for MESFET stack on semi-insulating substrate
by studying the LPP+ mode, it could be further improved by studying the LPP- mode
with a new system that can detect longer wavelengths. One of the possible suggestion
+
would be to have a better curve fitting algorithm to curve fit the ω LPP
peak with the

line shape analysis of the LO phonon given by the I(ω) (Raman band profile)
equation as presented for the Raman Scattering technique [12]. The I(ω) equation is a
function of

A(ω) (Electro optical and deformation potential) and ε (ω) (dielectric

function) has more physics incorporated in A(ω) in addition to the dielectric function.
The A(ω) equation includes the two dominant mechanisms for Raman Scattering
intensity profiling i.e., the deformation potential mechanism and the electro optic
mechanism. The curve fitting could then be a function of plasmon damping, gamma
and plasma frequency from which the mobility of electrons and effective mass could
be calculated.
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